Abstract A high-density, low-temperature plasma can be obtained during the compression phase in inertial confinement fusion. When high density and low temperature are reached in the plasma in the fast ignition approach, the plasma electrons can be degenerate. The electronic stopping of a slow ion is smaller than that given by the classical formula, because some transitions between the electron states are forbidden. In this case, bremsstrahlung emission is strongly suppressed and the ignition temperature becomes lower than that in classical plasma. The equations that predict the behavior of these plasmas are different from the classical ones, and this is the main factor in the process of decreasing the ignition temperature of the plasma. In this work, physical conditions of ignition are studied by calculating the effect of radiation loss on the ignition temperature for a simulated fuel pellet, (D/Tx/ 3 Hey), in degenerate plasma. In fast ignition, the energy needed for obtaining high densities is minimized and the gain can be increased considerably.
Introduction
There are three concepts regarding the methods of compression and heating associated with the compression of fusion fuel by high-intensity laser, including direct excitement, indirect excitement and fast ignition (FI). The latter was proposed by TABAK (1994) [1] . Fast ignition is an inertial fusion scheme in which fuel ignition is obtained by directly heating pre-compressed fuel, using an external heating source, such as energetic electrons or protons produced by high-intensity laser irradiation, and provides hot spots around the dense fuel. The nodal conservation equation was introduced in fast ignition. The first node, defining the ignitor, is a small part of the target that is first heated, and then the fusion burning wave is launched to the precompressed plasma in the volume annexed to the ignitor (the second node). In this paper we only discuss the first node. Fast ignition was proposed to reduce the driver energy, as a means to increase the gain and relax the symmetry requirements for compression, primarily in direct-drive inertial confinement fusion. In inertial confinement fusion (ICF), high density, low temperature plasma can be obtained during the compression phase, which results in minimizing the energy needed for compression. If the temperature is low enough, the electrons of the plasma can be degenerate. In this case, bremsstrahlung emission is one of the most important energy loss mechanisms in achieving ignition [2] . A detailed analysis of the bremsstrahlung process in degenerate plasma points out that radiation energy loss is much smaller than the value given by the classic formulation [3] . To take advantage of the degenerate plasma, the electron temperature has to be below the Fermi energy level for saving time. This means that heating mechanisms have to deposit the energy to the ions in the plasma but not to the electrons. That is the reason why ions have been chosen in this study as heating mechanism media [4, 5] . The energy deposited in electrons and ions depends on the stopping power in both species. In degenerate plasmas, the equation defining the stopping power of ions is different from the one governing classic plasmas [6, 7] . Fermi degeneracy plays an important role in reducing ion-electron collision and the reaction rate. In this study, the suggested fuel in the calculations is D/T x / 3 He y where x(y) is the ratio of tritium (helium-3) to the deuterium particle number in the initial pellet [8] . The paper is organized as follows. In section 2 the condition of degenerate plasma, the effect of high density on the fusion rate and ion-electron collision are discussed. The simulation model and radiation loss in degenerate plasma are described in section 3. Section 4 describes the conditions of ignition temperature. The energy gain in degenerate plasma is given in section 5. Finally, results and conclusions are presented in sections 6 and 7.
2 Theoretical model
Fusion reaction rate with electron screening
Previous evaluations of the reactivity assume free ions, with the Maxwellian velocity distribution func-tion, and neglect any effect relating to the plasma electrons. An important parameter which characterizes the strength of the interaction between the particles is the ion coupling parameter Γ. It essentially describes the ratio of the potential to the kinetic energy of the particles of the plasma [9] ,
where Z is the charge of the particles, and a = ( 3 4πni ) 1/3 . At high densities or, more properly, as Γ becomes comparable to unity, nuclear charge screening by the electrons and ion correlations become important. The reaction rate for electron screening can then be written as [10] :
where < σv > is the value computed by neglecting any screening and A se is the reactivity amplification factor due to the electron screening ( Fig. 1) . 
Degenerate electron gas
For very high densities and relatively low temperatures, quantum mechanical effects tend to dominate the behavior of the electron gas. The electrons behave like a degenerate electron gas, where they no longer follow a Maxwell-Boltzmann distribution,
but instead Fermi-Dirac statistics,
where ε is the electron energy. In the case of a FermiDirac distributed electron gas, any quantity that is obtained by averaging over the electron distribution is significantly altered from that of a Maxwell-Boltzmann electron gas. The usual condition for Fermi degeneracy is expressed by comparing the thermal energy with the Fermi energy, defining the so-called electron degeneracy parameter. This is given by
If θ e < 1, the electron gas is fully degenerate. where
Reduction of ion-electron collisions in a degenerate plasma
In a degenerate plasma, certain collisions are forbidden because of the exclusion principle which reduces the total collision rate. The original calculation of the collision rate has been obtained by Fermi [11] and Lindhard [12] . The stopping power formula is [6] ;
where k is the energy of the ions, q is the charge of the ion, and D is the electron dielectric function. The dielectric function D l in a completely degenerate plasma is given as [7] 
where v F is the Fermi velocity and f r and f i are given in Ref. [7] . When v vF 1, the energy loss is proportional to the ion velocity and almost independent of the electron density.
where C l is defined as;
Then the ion-electron collision frequency, ν e,i , can be obtained from ν e,i = (
Simulation model
Numerical simulations of this study are based on a one-node energy code. The node represents the ignitor. The size of the ignitor is defined by the external ion beam range (Fig. 2) 
The total number of particles of species k, N k , is governed by the equation:
where V is the volume of the heated plasma, < σv > is the Maxwell averaged reaction rate of reaction, j and a j k are the number of particles of species k formed or destroyed in the reaction j. The equations of energy balance for ions and electrons are given by [4, 5, 10] :
and
where E e = is the fraction of E j carried by the product k, f j k is the fraction of the energy of the product k created in the reaction j that is deposited into the plasma electron [6] , and η j k is the leakage probability of charged particles, thus (1 − η j k ) is the probability that charged particles remained in the ignitor [13, 14] , R(t) is the pellet radius, C s is the speed, P b is the bremsstrahlung term, and P ign is the energy deposited by the external ion beam. The total number of ions is given as:
where k varies from 1 to 5 as k = 6 stands for neutrons. Six species are considered in this calculation as D, T, 3 He, p, 4 He and n.
P ie is the ion-electron energy exchange term that is achieved by [15] 
where ν ie is the ion-electron collision frequency in degenerate plasma (see subsection 2.3).
Radiation loss in degenerate plasma
Bremsstrahlung radiation is one of the most important energy loss mechanisms in achieving ignition. The radiation loss by bremsstrahlung emission is studied from the starting point of electron photon energy transfer through its integration in the Fermi-Dirac distribution. It must be taken into account that most of the low level energy states in the electron statistics are already occupied, and a very broad range of electron transitions is forbidden. The total radiation loss expressed in terms of power density is [3] :
where
If bremsstrahlung emission in the degenerate case, W deg , is compared to the value of the classical case, W class , the exact result is achieved as:
For η 1 which corresponds to a fully degenerate case, Eq. (21) can be rewritten as:
For instance, if T e = 0.1ε F , in the degenerate plasma, its bremsstrahlung loss will be about 7% of the radiation loss from a classical plasma at the same temperature.
In the mechanical expansion term, the speed of sound is C s = γP ρ , here ρ is the density, γ = 5/3 and P = (N i T i + N e T e )/V , is the total pressure. The pellet reduction is governed by [12] ;
where,
and, φ(t) = 1 −
ND(t)
ND(0) .
The electron thermal conduction
The electron thermal conduction in degenerate plasma is given by [10] ;
where A e = 5.592 × 10 28 1 cm · s · keV 5/2 . The Coulomb logarithm, LogΛ, can be obtained from the integration of the impact parameter:
is the distance at the closest approach, ρ max is the maximum impact parameter and E 0 is the kinetic energy of the fusion product. Then, it is estimated as:
Ignition condition and burning in degenerate plasma
Ignition temperature is the main parameter in degenerate plasma. The initial ignition conditions, (ρ 0 R 0 and T 0 ), can be calculated in the following condition. For the ignition regime, fusion power deposited in plasma must be greater than the power losses:
where the fusion power deposited in the plasma, W dep is given by:
W b is the radiation loss power:
and W E is the expansion work, 
Energy gain in degenerate plasma
In inertial fusion energy, the most important parameter is not the ignition temperature, but the gain, which must be defined in terms of the fusion energy released. In our analysis, a well-known theoretical formula has been used to calculate the fusion energy, through a factor Φ which is the fraction of the compressed target mass that actually undergoes fusion burn-up [4] ,
Target gain is thus defined as:
where E fusion is the total energy created by fusion reactions,
E ign is the energy deposited in the ignitor by the external ion beam, and E com is the energy of the compressed plasma in fast ignition. In classical plasmas, the latter is a function of temperature only, for a given mass. In the degenerate region (low electron temperatures), the compression energy is not a function of temperature, but a function of density which is given in terms of the density [14] :
η c is the efficiencies from a driver (e.g., laser) to thermal energy for the compressed fuel. The parameter α in Eq. (38) is defined by the ratio α = 5T /ε F . The compressed mass of the fuel m f is expressed in the form of:
6 Results and discussion
The equations defining the energy conservation equations have been solved for the configuration of a D/T x / 3 He y fuel pellet. The time-dependance of the electron and ion temperature is shown in Fig. 3 . The electron and ion temperatures increase at the beginning of the reactions, because the energy is stored in the plasma at first, then the temperature decreases because of the radiation loss processes. If the temperature is low enough, the electrons of the plasma can be degenerated. In this case bremsstrahlung emission is highly suppressed, because Pauli's exclusion principle forbids many electron energy transitions after photon emission. As bremsstrahlung is the main energy loss mechanism from the fusion plasma, the temperature needed for ignition decreases. When using the degenerate model, the classical limit is theoretically achieved for η → −∞. In the classical case, bremsstrahlung emission changes to T 2 e [16, 18] . In the degenerate case, it changes to T 0.5 e . Fig. 4 shows the bremsstrahlung power density for various density values, as a function of T e . Below a certain T e value, for a given density, bremsstrahlung emission follows the degenerate case expression. On the contrary, for upper temperatures, it corresponds to the classical case. By calculating the balance energy equation stopping power (see Fig. 5 ), the ignition conditions are given in Figs. 6 and 7 for a D/T x / 3 He y fuel pellet with various impurities (x and y). These show that the ignition temperature is increased by the increasing of the fuel impurities. The results of numerical calculations are listed in Table 1 . The clear result is that the ignition temperature is much lower for very high density degenerate plasmas. In this case, Fermi energy is very high, much higher than the ignition temperature, so the plasma is well degenerated during all the heating processes. The obtained results for a fuel pellet with y = 0 (Fig. 6 ) are compared with the Eliezer model in the classical mode [17] . The calculations show that the energy gain increases with decreased impurities in the simulation fuel pellet, because the ion temperature decreases with the increasing of impurities (Fig. 8) . The numerical value of energy gain is listed in Table 2 for different densities at T 0 = 25 keV and ρ 0 R 0 = 80 g · cm −2 for D/T x / 3 He y . It is shown that the energy gain decreases with the increase in density because the driver energy increases (Fig. 9) . 
Conclusions
In this paper, the energy balance equations are calculated for fuel pellet simulated (D/T x=0.01 / 3 He y=0. 18 ) in degenerate plasma conditions, by considering the effect of radiation loss on the ignition temperature. The obtained results show that the ignition temperature happens at lower temperatures than the classical temperature in degenerate plasma (Fig. 6) . Also, it is shown that, the ignition temperature is reduced in degenerate plasmas, but the amount of energy needed to obtain these very high compression targets reduces the gain of the pellet significantly.
